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Exploratory measurements of the Brookhaven Energy Recovery Linac (ERL) cavity at superconducting
temperature produced a long list of high order modes (HOMs). The niobium 5-cell cavity is terminated
at each end with HOM ferrite dampers that successfully reduce the Q-factors to levels required to avoid
beam break up (BBU) instabilities. However, a number of un-damped resonances with QZ106 were
found at 4 K and their mode identiﬁcation forms the focus of this paper. The approach taken here
consists of bead pulling on a copper (Cu) replica of the ERL cavity with dampers involving various
network analyzer measurements. Several different S21 transmission measurements are used, including
those taken from the fundamental input coupler to the pick-up probe across the cavity, others between
beam-position monitor probes in the beam tubes, and also between probes placed into the cells. The
bead pull technique suitable for HOM identiﬁcation with a metallic needle or dielectric bead is detailed.
This paper presents the results for HOMs in the ﬁrst two dipole bands, the un-damped modes in the
ﬁrst quadrupole band, and the identiﬁcation of several high-Q modes beyond.
& 2012 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Several past measurements of the Brookhaven ERL cavity at
superconducting temperature produced a long list of HOMs. The
niobium 5-cell cavity is terminated with ferrite dampers that
successfully reduce the HOM Q-factors to levels avoiding BBU
instabilities. However, a number of un-damped resonances with
QZ106 were found at 4 K and are listed in Table 1. With dipole
and to a lesser degree quadrupole ﬁelds determining the BBU
threshold estimates, the task of their mode identiﬁcation became
crucial in order to establish their ﬁeld character and R/Q values.
The availability of advanced electromagnetic computer pro-
grams has to some degree replaced the need for measurements to
obtain ﬁeld conﬁguration and performance parameters of reso-
nant cavities. However, perturbation measurements in the form
of bead pulling remain a valuable tool to analyze geometrically
complex structures or to conﬁrm theoretical results that are
modiﬁed by construction errors. Bead pulling was performed for
this paper in order to identify HOMs in the copper model of the
5-cell ERL cavity shown in Fig. 1. The present study served at the
same time as preparation for the HOM identiﬁcation of the BNL-3
cavity that is being constructed for the coherent electron cooling
proof-of-principle project at Brookhaven.rs. Published by Elsevier B.V. This
x: þ1 631 344 2190.
l.com (H. Hahn).This paper is organized as follows. In Section 2, the bead-pull
technique is described in considerable detail. A major concern in
the cavity design stage and then during the measurements is the
existence of trapped modes, which are typically found in the
center cell of the cavity. The ﬁrst two dipole bands with one
weakly damped ‘‘quasi-trapped’’ HOM are studied in Section 3. In
Section 4, the efforts at identifying the ﬁrst of the high-Q
resonances (listed in Table 1) by using the bead-pull method
are presented. The intricacies of mode identiﬁcation of the highest
Q are discussed in Section 5. The short conclusion summarizes the
necessary steps, limitations, and results of HOM identiﬁcation in
the Brookhaven ERL cavity.2. Perturbation measurements
The frequency change produced by the perturbation from
inserting an object into a resonant cavity is a topic found in the
standard electromagnetic literature. The possibility to interpret
this frequency change for the identiﬁcation of the local ﬁeld
strength and orientation as well as the cavity interaction para-
meters was pointed out by Mu¨ller [1]. It is well known in the
accelerator community as the Slater perturbation method [2].
Perturbation ﬁeld measurements are taught in accelerator schools
as standard measurement techniques [3]. Theoretical expressions
for the frequency change have been derived for simple bead
geometries with a near complete list to be found in a technical
report by Maier Jr. [4]. The typical application of bead-pullis an open access article under the CC BY license
Table 1
High-Q modes in the BNL ERL at 4 K.
f (GHz) Q
1.22008 0.920106
2.14764 5.504106
2.14831 1.307106
2.32984 2.292106
2.34421 0.908106
2.45578 1.025106
2.74324 0.620106
2.90829 0.406106
ROLLER
FPC PUFRT FRT
Fig. 1. Copper model of the ERL cavity with the fundamental power coupler (FPC)
and pick-up (PU) location, the ferrite HOM dampers (FRT), and the roller weight on
the return bead pull line.
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cell linac cavities [5]. If the perturbing object is a dielectric rod
with known properties and traverses the entire cavity, then it
becomes possible to also determine the interaction parameter
R/Q [6]. Bead pulling for HOM identiﬁcation in the un-damped
BNL ERL cavity has previously been discussed in Ref. [7]
2.1. Frequency shift
The perturbation method consists in measuring the frequency
shift, Do¼oo0, and is given by the expression involving the
local unperturbed electric and magnetic ﬁeld strength:
Do
o0
¼FE
e0EEn
U
þFH
m0HH
n
U
ð1Þ
where e0 and m0 are the dielectric and magnetic constants of free
space, respectively and U is the stored energy in the cavity. FE and
FH are geometry factors with m
3 dimensions that quantify the
coupling of the perturbation to the E and H ﬁelds, respectively.
The measurements for this paper were performed with thin
needle-like metallic and dielectric micarta cylinders. Metallic
beads are readily available and produce the largest signal but do
not distinguish electric and magnetic ﬁelds. In the form of thin
cylinders, metallic ‘‘needles’’ are advantageous because they are
sensitive to the longitudinal electric ﬁeld and relatively insensi-
tive to the transverse electric and magnetic ﬁeld components.
Dielectric beads are insensitive to the magnetic ﬁeld, providing an
important feature in mode identiﬁcation. Dielectric beads often
have unknown dielectric constant and must together with metal-
lic needles be calibrated for quantitative measurements, although
it is not required for HOM identiﬁcation.2.2. Measurement techniques
Several practical approaches for ﬁnding the frequency shift
have been discussed by Caspers and Dome [8]. In order to avoid
the setup of a phase locked cavity resonance frequency measure-
ment, a simpler phase shift measurement using the full capabil-
ities of an Agilent E5071C network analyzer was adopted. The
perturbation frequency shift Do in any cavity resonance is found
via the change in a S21 measurement according to the relation
S21 ¼ S21j jejF ¼
2QLﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q inQout
p
1þ jQLXð Þ
ð2Þ
where Q1L ¼ Q10 þQ1in þQ1out and X¼o/o0o0/oE2Do/o0.
The Qin and Qout represent the external Q values of input and
output probes respectively. In principle, Do can be obtained from
the peak of the absolute 9S219 but only as square sum of electric
and magnetic effects. Alternatively, using the phase shift F in S21
Do
o0
 1
2QL
tan F ð3Þ
gives the algebraic contribution from electric and magnetic ﬁelds
and is to be preferred.
The perturbed S21and its F are obtained from the same
measurement where the loaded QL and the origin of F are deﬁned.
2.3. The experimental setup
The bead-pulling assembly for the ERL copper model is shown
in Fig. 1. The setup consists of a pulley-mounted driver motor to
move the perturbing bead on a dielectric line (‘‘ﬁsh line’’) through
the cavity, plus X-Y translation stages for controlling on and off-
axis alignment. A roller weight ensures a straight path through
the cavity. Coupling to a resonance with a network analyzer can
be obtained in the ERL cavity across the fundamental power
coupler (FPC) and the pick-up (PU) probe. In the model, it is done
between capacitive probes entered at the corresponding location
in the beam tube end sections, or even through small holes drilled
into the cavity cells. Driven by the focus on high-Q or trapped
modes, their excitation in the copper model was done primarily
with probes in small holes near or in the center cavity cell.
The induced phase shift is obtained by taking the following
steps. With the bead removed from the cavity, the network
analyzer is set up to sweep across the resonance in dB format
for the QL measurement, with a frequency span thus matched to
the quality factor. After centering the S21 curve, the format is
changed from dB to phase. The screen now shows the resonance
in phase format with the frequency calibrated to the trace
number. Prior to starting the bead movement, the frequency span
is set to 0 thereby establishing the F¼0 calibration and allows
the simpliﬁed terminology of Do equal to tanF. The sweep speed
is adjusted to match the bead advancement through the cavity,
with the IF band width set to 30 Hz. Starting the analyzer sweep
and the bead movement simultaneously traces the resonance
curve with the phase calibrated to the frequency via the trace
number. The major source of phase errors was frequency drift,
ampliﬁed by the high Q of the trapped HOMs, so that critical
measurements required pre-calibration of each data point.3. Bead pull measurements in the dipole group
The 10 predicted dipole resonances in the frequency region
from 800 to 1000 MHz are considered as representing the primary
BBU source. The cavity designs itself and the choice of the HOM
dampers are strongly inﬂuenced by these resonances. They were
thoroughly studied in the design phase, but measurements are
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Fig. 2. S21transmission across the normal conducting ERL (red) and the copper
model (blue). (For interpretation of the references to color in this ﬁgure, the reader
is referred to the web version of this article.).
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Fig. 3. S21 Transmission from cell 2 to cell 4 showing the quasi-trapped mode at
958.9 MHz.
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Fig. 4. Excitation of cavity cell 3 with probes through small holes.
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transmission across the ERL between up and down stream BPM
probes, 6up and 6dn,is respectively shown in Fig. 2 together with
the corresponding frequency spectrum in the copper model
without ferrite dampers. The ﬁrst dipole passband is TE11 like
and thus connects well to the dampers whereas the second TM11
like passband is only marginally damped. Four of the ﬁve TM11
like resonances are clearly visible in the ERL, even in the normal
conducting (NC) state. A ﬁfth resonance at 1021 MHz in the
model is a beam tube mode that is strongly damped and
disappears in the ERL. The lowest TE11 resonance at 959 MHz
turns out to be a ‘‘quasi-trapped’’ and weakly damped mode with
a Q of 9500, 44,200, and 47,800 in the ERL at NC, 4, and 2 K
respectively [9]. HOMs with Q in the 100 K region are easily
overlooked and require network analyzer frequency sweeps with
time-consuming narrowed frequency spans.
3.1. Quasi-trapped dipole mode at 959 MHz
As the lowest-frequency ‘‘trapped’’ resonance, the perturba-
tion measurements on the 959 MHz mode can serve as prototype
for the subsequent perturbation measurements of other nefarious
high-Q HOMs. As is typical for the modes in a circular structure,
the mode is split into 2 resonances with separate polarization
planes and their own frequencies as seen in Fig. 3. Creating clean
resonance curves for bead pulling in the copper model is achieved
by astute placement of the probes in cell wall holes, such as
illustrated for the center cell in Fig. 4. For greater run accuracy,
the ferrite dampers are removed and the cavity is excited by
horizontal probes in cell 2 and 4, bracketing the high ﬁeld in the
center cell. The resonance at 958.9 MHz has a QE22,000 and the
twin mode as QE21,000 and is lower by 300 kHz. The resonances
are split by only 7 bandwidth and interfere in the phase shift data.
Extensive perturbation measurements of the quasi-trapped
mode at 959MHz were carried out primarily as a demonstration
of the HOM identiﬁcation method and thus involved both the needle
and micarta bead. The phase shift plots for the 958.9 MHz mode due
to the needle (length ‘¼ 17.5 mm and radius r¼6.35 mm) and
micarta (‘¼ 12.7 mm and r¼6.35 mm) perturbation are comparedin Fig. 5. The dashed curves represent the on-axis data. The solid
curves represent the maximum phase shift obtained by making a
run at a radial offset of 3 cm in the excitation plane. The dielectric
bead is sensitive to the absolute electric ﬁeld value, independent of
ﬁeld direction, whereas the needle selects the axial component,
resulting in a qualitatively different pattern of the bead pull curves.
The most noticeable material-dependent difference is the presence
of an on-axis needle signal and the vanishing micarta signal in the
center cell. Note that the beads are un-calibrated and provide only
qualitative guidance. The concentration of the ﬁeld into the center
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Fig. 5. Bead pull results with needle (N) and micarta (M) for the 958.9 MHz mode
taken on cavity center and displaced horizontally by 3 cm. The beads are
un-calibrated and provide only qualitative guidance.
Fig. 6. Phase shift at 958.9 MHz from bead pull runs versus the azimuthal plane
angle. (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of this article.).
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Fig. 7. Comparison of resonances in the ERL cavity with the copper model.
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resonance to be a ‘‘quasi-trapped’’ mode.
3.2. Azimuthal mode identiﬁcation
Determining the detailed ﬁeld conﬁguration is not required for
a HOM identiﬁcation study although establishing the angular
order (monopole, dipole, quadrupole, etc.) is central for BBU
studies. Azimuthal mode identiﬁcation is obtained from phase
runs at a radial offset of 3 cm in planes with different angles with
respect to the excitation plane. The use of both needle and
dielectric beads can strengthen the mode identiﬁcation. In
Fig. 6, the phase shift at the center of cell 3 created by the micarta
and needle beads reﬂects the absolute value of the electric ﬁeldperturbation (blue) and the summed electric and magnetic
perturbations (red) respectively. The dipole character is con-
ﬁrmed by the agreement of the bead pull data with the expected
1801 periodicity, and conﬁrmed with the Microwave Studio
program (MWS) [10] simulated electric ﬁeld curve (dashed
green). A rotation of the polarization by 301 versus the excita-
tion plane, seen as the minimum red and blue signals, indicates a
small ellipticity of the cavity presumably due to the presence of
coupler ports. The non-uniformity of the signal in the needle
curve is suspected to be the result of interference from the twin
resonance.4. Resonances in the quadrupole group
The high-Q resonance at 1.22008 GHz, listed in Table 1, is the
ﬁrst in a family of the 5 modes between 1.215 and 1.24 GHz
shown in Fig. 7. The correlation between these modes in the ERL
at 4 K and the copper model is very good, agreeing in frequency to
about 2 MHz. However, it is noted that the high-Q resonance
found in the ERL is barely visible and appears only as a dip, at
1.2188 GHz. Some of the copper-cavity modes in the plot exhibit
‘‘splitting’’ into two resonances with distinct frequencies. The
splitting can be attributed to an azimuthal asymmetry in the
cavity, such as a slightly elliptical shape. An additional, albeit
weaker, splitting is due to the axial asymmetry from the FPC-
caused different beam tube lengths. Overall there is the possibi-
lity of 4 resonances around 1 nominal HOM, resulting in distorted
resonance curves for 1 mode with nominally similar ﬁeld conﬁg-
uration. The MWS simulation for this frequency range predicts
the 5 quadrupole resonances in Table 2 in agreement with
measurements. The correlation between resonance frequencies
in the ERL, the copper model, and the simulation identiﬁes the
1.22008 GHz mode as quadrupole, quasi-trapped with a Qr106,
and the simulated coupling impedance R/Q1cm at 1 cm of
3.75108 O.
4.1. Split frequency conundrum
Mode identiﬁcation by frequency matching alone fails in the
dense spectrum at high frequencies and needs to be complemen-
ted with the study of ﬁeld conﬁguration of split modes. Serving
H. Hahn et al. / Nuclear Instruments and Methods in Physics Research A 734 (2014) 72–7876as an example, the ﬁeld conﬁguration of the ﬁrst high-Q quadru-
pole mode was determined by bead pulling in the Cu model.
Separating the split mode for clean resonances is a conundrumTable 2
Comparison of niobium and copper cavity frequencies in the 1.215–1.24 GHz range.
ERL @ 4 K (GHz) Cu model (GHz) MWS Cu model (GHz)
1.22008 1.2188 1.21662
1.22336 1.2222 1.21958
1.22859 1.2271 1.22443
1.23409 1.2324 1.23344
1.23748 1.2357 1.22989
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Fig. 8. The split high-Q quadrupole resonance with peaks at 1.21835 and
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Fig. 9. Phase shift runs with the micarta bead in two azimuthal planes and comparison
reader is referred to the web version of this article.).and no general method can be given. In order to sufﬁciently
couple to each resonance, the transmission signal was measured
across the center cell with probes placed directly in cells 1 and
5 or 2 and 4. This setup provided separation of the resonances and
clean peaks with QZ30,000. Excitation with probes at angles
451 in cell 2 and þ451 in cell 4 versus horizontal or alterna-
tively at 01 in cells 2 and 4 produced respectively the 1.21835 and
1.21848 GHz S21 curves as shown in Fig. 8.
The shape of the electric ﬁeld in this mode was studied at the
lower resonance with the micarta bead for an easier interpreta-
tion. The electric ﬁeld shown in Fig. 9 was produced by phase shift
runs at 3 cm radial position in planes of 01 and þ451 azimuthal
angles versus the horizontally placed excitation at 01. Its pattern
is fully consistent with the MWS simulations. It is noted that the
electric ﬁeld peak in the excitation plane, blue M@01, appears
here on the iris rather than at the center of cell 3, and that the
ﬁeld at the cavity center vanishes. The electric ﬁeld strength in
the center cell is strongly dependent on the azimuthal angle and
its variation with angle can serve by itself for the HOM identiﬁca-
tion as done in the next paragraph.4.2. Azimuthal quadrupole identiﬁcation
The quadrupole character of the 1.22008 GHz high-Q reso-
nance was conﬁrmed by bead pull measurements with both the
micarta and the needle bead, taken at 1.21835 and 1.28848 GHz
respectively. The phase shifts at the center of cell 3 are plotted in
Fig. 10 as function of the azimuthal angle. The phase shift
obtained with the needle covers the full 3601 circumference, is
continuous and can assume positive values. The phase shift
measurement for the micarta bead was taken with a different
probe conﬁguration that limited the angular range to positive
values in order to avoid results with overlapping polarizations.
The data in Fig. 10 point to the ﬁeld strength repeating every 901,
as is characteristic of a quadrupole mode. It must be noted that
the phase shift minima representing electric peak ﬁelds in the cell
3 occur at different azimuthal angles which supports the expected
polarization rotation of degenerate solutions in elliptical struc-
tures [11].0 20 40 60 80 100
sition [cm]
MWS E*E @ 0
MWS E*E @ 45
M @ 0
M @ 45 
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Fig. 10. Phase shift in planes at various angles versus horizontal conﬁrming
quadrupole periodicity.
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The highest-Q values in Table 1 were found manually during
operation at 4 K by searching for small discontinuities, peaks or
dips, in the BPM bottom–bottom S21 frequency scan and appro-
priately adjusting the 3 dB measurements at 2 K. Identiﬁcation of
the highest-Q resonances at 2.14764 and 2.14831 GHz has been
performed to demonstrate the procedure. Fig. 11 presents 3
different S21 frequency scans covering this region. The red curve
plots the bottom-to-bottom BPM signal in the normal conducting
ERL, however without showing any hint of the considered
resonances thus relegating mode identiﬁcation entirely to the
Cu model. Here the blue curve is obtained between probes at the
FPC and PU location, showing a possible close-by resonance.
Expected to be trapped and located in the center cell, the mode
couples only weakly to probes outside the cavity proper, whereas
an excitation with probes in cell 2 at 01 and cell 4 at 301 (versus
horizontal excitation) produced a sharp resonance (dashed-green)
at 2.1476 GHz with a QE57,000, the highest-Q measured in the
Cu model.Fig. 12. Frequency spectrum around the high-Q resonances. (For interpretation of
the references to color in this ﬁgure, the reader is referred to the web version of
this article.).
5.1. ‘‘Split’’ high-Q resonance
Focusing on this resonance by adjusting the frequency span and
using different probe excitations for Fig. 12 yielded four resonances,
(2.1476, 2.1479, 2.1481 and 2.1495 GHz) in the yellow curve,
whereas the green curve shows a ‘‘split’’ resonance at 2.14744/
2.14766 GHz plus a ‘‘dip’’ at 2.1495 GHz. Note the appearance of the
2.1495 GHz resonance as a dip in the green or as a peak in the
yellow curve. Visualizing the resonances depended completely on
using appropriate locations of the exciting probes. It was mentioned
already above that each mode, when deﬁned as a speciﬁc ﬁeld
pattern, can split into 4 variants with split frequencies due to any
azimuthal irregularity and the different cavity end/tube conﬁgura-
tions. The collection of all measurements points to the 2 Cu model
resonances in the green curve at 2.1481, and 2.1495 GHz to be
responsible for the ﬁrst 2 high-Q ERL modes in Table 1.5.2. Azimuthal angle identiﬁcation of high-Q decapole modes
The MWS simulations for the frequency region around the 2
high-Q resonances revealed the existence of decapole modes.
Conﬁrmation thereof had to be provided by bead pulling in planes
with changing azimuthal angles, stepped by 101, versus the
horizontal excitation. The curves shown in Fig. 13 represent the
peak phase shift at the center of cell 3. Data was obtained both
with the needle (N) and micarta (M) beads for the 2.1476 GHz
resonance. Although strongly distorted by the interference from
the twin resonance, bead pulling identiﬁes this resonance as a
decapole mode. Bead pulling for the 2.1495 GHz resonance in
Fig. 14 was done with a micarta cylinder with the diameter
reduced to 3 mm, appropriate to make the small azimuthal angle
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showed the concentration in the center cell as expected for a
high-Q trapped HOM. As a further precaution against measuring
errors, the phase 0 was recalibrated for each data point. The
highest-Q HOM can conﬁdently be considered to be a decapole
resonance and thus without beam breakup impact.6. Conclusion
Multi-cell accelerating cavities are prone to exhibit trapped
high order modes, which could become the source of BBU
instabilities in the Brookhaven ERL. Considerable efforts were
applied during cavity design to avoid or at least to damp high
order, in particular dipole and quadrupole modes. Nevertheless,
operation of the niobium cavity at superconducting temperature
yielded troublesome very high-Q resonances and their identiﬁca-
tion became imperative. Bead pulling is a well-known method to
establish the ﬁeld conﬁguration in a resonant cavity and it is in
fact the deﬁnite method when supported by computer simula-
tions for HOM mode identiﬁcation. Details of the perturbation
technique were developed for this purpose by calibrating alumi-
num and micarta beads as part of a ﬁeld ﬂatness measurement in
the ERL copper model. A procedure which combines computer
simulation with bead pulling in a copper model was then
developed to successfully determine the mode type of a cavity
resonance. The intricacies of this approach are demonstrated here
by applying it to a semi-trapped dipole and a high-Q quadrupole
mode. In spite of the difﬁculty with the experimental technique
and the ambiguity in the associated simulation of the measured
data at higher frequencies, two HOMs in the ERL with multi-
million quality factors have been conﬁdently identiﬁed as deca-
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